High-resolution simulations on the vertical transport of dust in a fair-weather condition over desert regions are performed with a cloud-resolving modeling approach. Basic processes relevant to the dust transport are examined by focusing on the role of boundary-layer and cloud convection. Although the model settings are simplified, the simulation well reproduces the diurnal variability of fair-weather convective boundary layer and cloud development observed over a Chinese desert. Dry convective motion within the boundary layer and moist convection above the boundary layer play a significant role in regulating the vertical mixing and transport of dust in the atmosphere, and in enhancing the surface winds and thus the dust emission by the downward transport of high momentum in upper levels. The present modeling framework is useful in understanding the small-scale effects on the vertical dust transport associated with boundary-layer convection and cloud convection in a fair-weather environment.
Introduction
The transport of dust from the surface to the free troposphere has been widely investigated through insitu observations, remote-sensing analyses, and numerical simulations from a planetary-scale to a synopticscale, and further down to a mesoscale perspective. A recent study by Takemi (2005) has focused, by performing three-dimensional cloud-resolving simulations, on the convective-scale transport of dust during the development of a mesoscale convective system that has a feature similar to the one that caused a disastrous duststorm over the Gobi Desert on 5 May 1993 (Takemi 1999) .
Although synoptic-scale and mesoscale disturbances seem to play a major role in controlling the total amount of dust concentration and transport in source regions of mid-latitude deserts (e.g., Takemi and Seino 2005) , small-scale, boundary-layer mixing is also responsible for dust emission (Cakmur and Miller 2004) . Diurnal variability of dust mobilization and concentration is responsible for 20 50% of the total temporal variability in East Asia (Luo et al. 2004) . Yasui et al. (2005) clearly demonstrated the diurnal variability of dust concentration in the planetary boundary layer in fairweather conditions through the lidar observations conducted at a desert site of Shapotou (at 37.46°N and 104.95°E, 1250 m above the sea level) in the south of the Tenger Desert, and pointed out that boundary-layer thermal convection plays a role in determining the vertical distribution of dust in those conditions.
Considering that the boundary-layer tops over Chinese deserts sometimes reach up to over the 4-km height above the ground (Takemi and Satomura 2000) and that dust is well-mixed in the deep boundary layer , the characteristics and strength of boundary-layer dry convection will regulate the vertical mixing and transport of dust within the boundary layer and the further upward transport above the boundary layer. Therefore, not only the synoptic-scale processes but also the small-scale transport processes, because of their prevalence over the deserts in East Asia, should be taken into account for the better numerical prediction and evaluation of the long-range transport of dust in the global atmosphere (e.g., Iwasaka et al. 2003) .
In the present study, we will investigate dynamical processes and roles of convective mixing and updrafts on the vertical transport of dust with a cloud-resolving modeling approach coupled with a standard emission scheme for surface dust. High-resolution simulations on dust emission and transport in a simplified setup are performed without the help of cumulus and/or boundary-layer mixing parameterizations.
Model and simulation setup
The cloud-resolving model used here is a nonhydrostatic cloud model, the Advanced Regional Prediction System (ARPS, Xue et al. 2000) . In order to focus on the fundamental dynamics of convective dust transport the model is run in an idealized setup. The model domain is 80 km in the x (east-west) direction, 20 km in y (north-south), and 18.4 km in z (vertical), with the periodic condition imposed at the lateral boundaries, the rigid lid at the top boundary, and a Rayleigh-type damping layer in the upper part.
Parameterized physical processes include cloudmicrophysics (water and ice), short-and long-wave radiation transfer (calculated every 300 s), subgridturbulence mixing, surface momentum and scalar fluxes, and land-surface energy balance. Details of these parameterizations are found in Xue et al. (2001) . The same schemes with those in Takemi (2005) , but with the addition of the effects of diurnal variability from radiative energy transfer and surface energy exchanges, are used here. We ignore the Coriolis effect for simplicity.
We use a dust emission and transport module implemented in ARPS (Takemi 2005) . Dust content is represented as mixing ratio, and the dust particle radius is assumed to be 1.0 µm in order to represent a small-size particle which would be ready for long-range transport. The vertical dust flux at the surface is computed by the equation presented in Liu and Westphal (2001) , and the friction velocity threshold for dust emission is given as a constant: u*t=60 cm s 1 , following Liu and Westphal. In this study all the surface is assumed to be desert and dust erodible.
The numerical schemes used here are the same with those in Takemi (2005) , except for a flux-corrected positive definite scheme for advection terms of water variables, turbulent kinetic energy, and dust content. The horizontal grid size is 500 m, which may be sufficient to resolve boundary-layer coherent convective motion, since Yasui et al. (2005) estimated its horizontal size as 4.3 7.3 km. The vertical grid size is 20 810 m (stretched).
A horizontally homogeneous base state is defined with upper-air sounding data at the Yinchuan weather station near Shapotou. Following the analyses by Yasui et al. (2005) , we use the sounding at 00Z 13 April 2002 to represent a deep mixed-layer structure in fine weather ( Fig. 1) . In order to maintain the initial conditions, the domain averaged profiles of horizontal velocity and water vapor mixing ratio are relaxed toward the initial profiles with time scales of 3 and 24 hours respectively for momentum and moisture, which can be regarded as a background large-scale forcing (Grabowski et al. 1996) .
As a preliminary run, the model is run for 3 days without the dust calculation in order to obtain its equilibrium state, initialized by the Yinchuan sounding with random temperature perturbations added below 1 km. The horizontal averages of the model after the preliminary 3-day integration are shown also in Fig. 1 . With these profiles as the initial condition, the control simulation is performed for the next 24 h including the dust module. All the times here are referred to as a local time (LT=Beijing Time-1).
Results
At first the observations and the simulated results are compared in Figs. 2 and 3. Figure 2 shows the time series of temperature, wind speed, and relative humidity at the surface obtained both from the observation at Shapotou and the control simulation during 3 days and 24 h, respectively. The period of 11 13 April 2002 is chosen for the observations, since fair-weather dry convection prevailed during these daytimes ; during this period the observational data clearly indicate a diurnal variability. The simulated results demonstrate that the model well captures this diurnal variability, despite the simplified model settings. Figure 3 compares cloud amount derived from the lidar observation at Shapotou and the simulation. The cloud amount from the observation is determined by a percentage frequency of cloud detection among the total lidar observations in an hour, and that from the simulation determined by a percentage area of the cloud-water plus cloud-ice content greater than 0.01 g kg 1 at the 6-km and 8-km levels. The observed cloud amount was not available in the afternoon hours, Moreover, the simulated boundary-layer depth is comparable to the lidar observations (not shown). Thus, the simulation is useful in examining the dust transport processes relevant to boundary-layer convection. In the following the results of the control simulation are presented. The amount of dust uplift from the surface critically depends on the strength of surface friction velocity. Figure 4 shows the diurnal variation of the frequency of the friction velocity greater than the threshold u*t in the model area. At about 10:50 LT there appear grid locations at which the friction velocity exceeds u*t, and thus surface dust flux occurs; at 11:40 the percentage frequency reaches the maximum of 4.63%; in afternoon hours it significantly varies; and after about 17:50 friction velocity that exceeds the threshold diminishes. All in all, the percentage area for surface dust emission is as high as about 5% in the 80 km by 20 km area and strongly varies mostly between 0 2% during the afternoon periods.
The temporal evolution of cloud, dust concentration and upward dust flux is examined in Fig. 5 : the areaaveraged values at each height are shown, and the cloud boundary is defined as the contour of the cloud-water and cloud-ice mixing ratio of 0.01 g kg 1 . Dust, once emitted at the surface, is quickly raised and mixed up to the cloud-base level (about 5-km height) by active convective motion in the boundary layer. During 12 18 LT the dust concentration in the boundary-layer generally increases, and a large amount of dust flux is seen below the 4-km level. From the signs of cloud boundary and vertical dust flux, the dust transport above the cloud-base level seems to be regulated by the vertical extent of cloud upward motions in the afternoon: the gradual increase of dust concentration above the 5-km level (i.e., the free troposphere) well corresponds to the upward dust flux and cloud development during 12 17 LT.
It is seen in Fig. 5 that the dust concentration after sunset (i.e., about 18 LT) shows a steady, stratified structure. Hence the dust budget can be estimated in one diurnal cycle. Figure 6 shows the temporal variation of the mean column burden of dust and the percentage ratio of the total dust content in the 0 2, 2 4, 4 6, and 6 12 km layer to the accumulated surface dust emission. Each layer represents the lower and upper part of the boundary layer, the transition layer around cloud base, and the free troposphere. The mean dust burden steadily increases and reaches up to 0.92 g m 2 (Fig. 6a) . During the first 2 hours after the outbreak of surface dust emission, more than 85% of the total emitted dust is floating in the boundary layer (Fig. 6b) . After the increase of the dust ratio in the transition layer at 12 LT, the ratio of the free-tropospheric dust content gradually increases up to about 8%. After the sunset, the ratios in the boundary layer, in the transition layer, and in the free troposphere amount to 79.8%, 10.3%, and 6.8%, respectively.
In Fig. 5 it was shown that the convective motion in the boundary layer and cloud layer determines the vertical transport of dust in the atmosphere. These convective motions are considered to have other effects in producing the dust flux at the surface. Figure 7 shows the temporal variation of the vertical structure of momentum flux (product of perturbation horizontal and vertical winds). A significant amount of downward flux is identified below the 6-km level, especially in the lowest 4 km, during 10 18 LT; this suggests that convective motion transports high horizontal momentum downward to induce high winds at the surface and therefore to produce dust emission.
Conclusions
The present simulation seems to successfully reproduce the diurnal variability of fair-weather convective boundary layer over a desert, although the model settings are idealistic and simplified. The mean column burden of dust amounts to 0.92 g m 2 in one diurnal cycle; this value is in fair agreement with the remotesensing estimation (Kuji et al. 2005) . It was shown that dry convection in the boundary layer and moist convection above the boundary layer play a significant role in determining the total amount of dust floating in the atmosphere. The convective activity plays another role in enhancing the surface winds and thus producing dust emission at the surface through the downward transport of high momentum in upper levels
In our simulation we employed the periodic condition both at lateral boundaries; thus, no clear-air inflow occurs once dust is transported above the surface. In reality, the horizontal advection of fresh or polluted air from the upstream locations also regulates the dust concentration in the free troposphere. The large-scale vertical motions may also determine the height of the dust-layer top. In spite of these, we consider that the present simulation framework with the use of a cloudresolving model provides a fundamental understanding of the dust transport processes associated with boundary-layer convection and cumulus convection in fairweather conditions. We are currently conducting a systematic set of simulations to further examine the mechanisms of dust transport and comparing the results with the lidar and sky-radiometer observations, which will be described in a future paper. Fig. 6 . Time series of (a) the mean column burden of dust (g m 2 ) and the percentage ratio of the total dust amount at the 0 2, 2 4, 4 6, and 6 12 km levels to the total dust amount emitted at the surface. 
